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Abbreviations   
CA Citric acid 
cv Cultivar 
DOY Day of the year  
ED Equatorial diameter 
ET  Evapotranspiration 
ETo Crop reference evapotranspiration 
FW Average fruit weight 
LVDT Linear variable displacement transducer 
MA Malic acid 
MC Moisture content 
MDS Maximum daily trunk shrinkage 
MI Maturity index 
NF Number of fruits  
PC Peel content 
PG Pomegranate 
PV Pressure-Volume  
RWC Relative water content 
SI Signal intensity 
TA Titratable acidity  
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TAC Total anthocyanin content 
TEAC Trolox equivalent antioxidant capacity 
TF Total fruit yield 
TPC  Total phenolic compounds 
TSS Total soluble solids  
 
 
Symbols 
a* Red-greenness 
ABTS+ Trolox equivalent antioxidant activity 
b* Blue-yellowness 
C* Chromaticity or chroma 
gl Leaf conductance 
gleaf Midday leaf conductance 
glmd Midday leaf conductance 
Hº Hue angle 
Kc Crop coefficient 
L* Lightness 
Pn Net photosynthesis  
Rs Solar radiation 
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RWCa Relative apoplastic water content 
RWCo Relative water content at full content 
RWCtlp Relative water content at the turgor loss point 
Tm Daily mean air temperature 
VPDm Mean daily air vapour pressure deficit 
Є Leaf bulk modulus of elasticity of leaf tissue at 100% 
relative water content 
fruit Midday fruit water potential 
l Leaf water potential 
leaf Midday leaf water potential 
md Midday leaf water potential 
os Leaf osmotic potential at full turgor 
p arils Midday fruit juice turgor potential 
p leaf Midday leaf turgor potential 
p peel  Fruit peel turgor potential 
pd Predawn leaf water potential 
pmd Midday leaf turgor potential  
ppd Predawn leaf turgor potential 
stem Midday stem water potential 
stlp Leaf osmotic potential at the turgor loss point  
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tlp Leaf water potential at the turgor loss point 
π arils Fruit juice osmotic potential 
π leaf Midday leaf osmotic potential 
π peel Fruit peel osmotic potential 
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Abstract 
The purpose of the present thesis was to analyse several 
physiological and agronomical aspects of the response of pomegranate 
(Punica granatum) to different irrigation conditions. For this, it was studied 
i) the leaf and fruit resistance mechanisms developed in response to water 
stress and recovery, ii) the comparison of different plant water status 
indicators and iii) the ripening and different deficit irrigation conditions on 
physical and chemical characteristics of pomegranate fruits.  
Pomegranate plants confront water stress by developing stress 
avoidance and stress tolerance mechanisms. From the time of deficit 
irrigation began to be applied, leaf conductance decreased in order to 
control water loss via transpiration and to avoid leaf turgor loss (stress 
avoidance mechanism). Close to the end of the stress period, when 
maximum stress levels had developed, active osmotic adjustment was 
triggered, contributing to the maintenance of leaf turgor (stress tolerance 
mechanism). Other drought tolerance characteristics commonly seen in 
xeromorphic plants were also observed, such as high relative apoplastic 
water content (42–58%), which would contribute to the retention of water 
at low leaf water potentials. 
During the end of fruit growth and ripening phases pomegranate 
fruit was clearly sensitive to water deficit and water could enter the fruits 
via the phloem rather than via the xylem. Despite this, plants under much 
more severe water stress levels than those reported in the literature were 
able to maintain leaf turgor. However, fruit turgor was lost at all water 
deficit levels studied, which induced a reduced expansion of fruits. When 
rainfall affected previously water stressed pomegranate plants an 
asymmetric increase in fruit turgor pressure took place, because aril turgor 
increased to a much greater extent than peel turgor, the pressure of the 
arils on the peel favouring cracking. 
Maximum daily trunk shrinkage (MDS) was identified to be the most 
suitable plant-based indicator for irrigation scheduling in adult 
3. Abstract and Resumen 
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pomegranate trees, because its signal:noise  ratio was higher than that for 
stem and gl. MDS increased in response to water stress, but when the 
stem fell below −1.67 MPa, the MDS values decreased. For non-limiting 
water conditions, MDS could be predicted from mean daily air temperature 
(Tm) through exponential equations fitted to pooled data across several 
seasons. First-order equations were also obtained by pooling data across 
several seasons to predict MDS from crop reference evapotranspiration 
(ETo), mean daily air vapour pressure deficit (VPDm), Tm and solar 
radiation (Rs), but these should be used only within a certain range of 
values (ETo, 2.1–7.4 mm; VPDm, 0.64–2.96 kPa; Tm, 12.1–28.3 ºC; Rs, 
119.4–331.3 Wm−2). Hence, automated MDS measurements have the 
potential to be used in irrigation scheduling of pomegranate, and these 
values can be normalized to non-limiting water conditions by locally 
derived empirical relationships with meteorological variables.  
During ripening the peel of pomegranate fruits changes to show 
higher luminosity and greater red saturation. Also, the colour of the arils 
changes to a more perceptible red colour as a consequence of the 
increasing total anthocyanin content. However, neither the intense red 
colour of the arils nor their total phenolic compounds content was 
correlated with the juice antioxidant capacity. Fruits from sustained deficit 
irrigation plants showed a decrease in fruit growth, leading to a lower final 
fruit size and lower total yield, and some physical and chemical changes 
which reflected earlier ripening. In contrast, a more pronounced water 
stress during the second half of the fruit growth phase was more critical for 
fruit size than for the chemical characteristics of the fruit, probably 
because under this situation carbon assimilation should be allocated to the 
synthesis of primary metabolites, which did not exceeded the amount used 
for fruit growth to the detriment of the synthesis of carbon-based 
secondary metabolites. 
 Pomegranate juices from trees grown under moderate and severe 
induced by sustained deficit irrigation were of lower quality and less rich in 
3. Abstract and Resumen 
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bioactive compounds than those from trees grown without water stress. 
From a nutritional point of view, this means that a reduction in irrigation 
can provide a dramatic decrease in levels of phenolic compounds, 
especially anthocyanins and punicalagins, and hence a lower visual 
attraction of the resulting fruit juice owing to its weak red colour. 
 Sustained deficit irrigation (33% ETo) fruits exhibited similar 
bioactive quality than full irrigated fruits, but a darker and more intense 
garnet colour and a clear advance in the optimal harvest time by about 7–
8 days. Late-pomegranate fruits were rich in phytochemicals and could be 
of great interest to the juice industry. Knowledge of these trends is 
important, especially to improve pomegranate juice quality and to 
contribute to the sustainability of pomegranate culture with respect to 
water, fertiliser and energy saving. 
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Resumen 
El presente trabajo de tesis se centra en el estudio de algunos 
aspectos agronómicos y fisiológicos de la respuesta del granado (Punica 
granatum) a diferentes condiciones de riego. A este fin se abordaron i) los 
mecanuismos desarrollados a nivel de fruto y hoja para afrontar 
situaciones de déficit hídrico, ii) la comparación de distintos indicadores 
del déficit hídrico y iii) el estudio del efecto de las condiciones de riego 
deficitario y la maduración sobre las características físicas y químicas de 
la granada.  
El granado desarrolla mecanismos de tolerancia y evitación del 
estrés para afrontar situaciones de déficit hídrico. Desde el injicio del 
estrés se produce una significativa regulación estomática a fin de regular 
las pérdidas dee agua vía transpiración y evitar la pérdida de la turgencia 
celular (mecanismo de evitación del estrés). Cuando el estrés aumenta 
hasta niveles muy considerables tiene lugar la realización de ajuste 
osmótico a nivel foliar (mecanismo de tolerancia al estrés). Los altos 
niveles de agua apoplástica (42-58 %) podrían contribuir a la retención de 
agua a bajos potenciales hídricos, constituyendo otro mecanismo 
frecuente en plantas xeromórficas. 
 Si bien el granado es capaz de resistir niveles de estrés hídrico 
mucho mayores que los indicados en la mayoría de artículos científicos, la 
granada es altamente sensible al déficit hídrico durante los periodos de 
final del crecimiento del fruto y la maduración, y el agua entra en el fruto 
vía floema más bien que vía xilema, pudiendo perder la turgencia en un 
amplio rango de niveles de estrés. Cuando tras un periodo de déficit 
hídrico acontecen lluvias considerables, se produce un incremento 
asimétrico de la turgencia, ya que la de los arilos aumenta en mucho 
mayor medida que la de la piel, por lo que la presión de los arilos favorece 
el agrietado de los frutos. 
La máxima contracción diaria del tronco (MDS) es el indicador más 
adecuado para ser utilizado en la programación del riego en granados 
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adultos, al presentar una relación señal:ruido mucho mayor que la 
encontrada en otros indicadores como el stem y la gl. A niveles de stem 
inferiores a −1.67 MPa los valores de la MDS en lugar de aumentar 
disminuyen. En condiciones no limitantes de agua en el suelo, los valores 
de la MDS pueden predecirse utilizando la temperatura media diaria (Tm) 
por medio de ecuaciones exponenciales elaboradas con datos de varios 
años de cultivo. Ecuaciones de primer grado resulatan adecuadas para 
predecir la MDS utilizando datos la evapotranspiración del cultivo de 
referencia (ETo), los valores medios diarios del déficit de presión de vapor 
(VPDm), Tm y radiación solar (Rs), aunque estas deberían ser utilizadas 
sólo dentro de un cierto rango de valores (ETo, 2.1–7.4 mm; VPDm, 0.64–
2.96 kPa; Tm, 12.1–28.3 ºC; Rs, 119.4–331.3 Wm−2). Por tanto, la 
medidas automatizadas de la MDS son potencialmente utilizables para el 
riego de la granada, pudiéndose normalizar los valores obtenidos 
mediante el uso de relaciones empíricas con variables meteorológicas 
obtenidas a nivel local. 
Durante el periodo de maduración, la piel de las granadas 
evoluciona hacia una mayor saturación del color rojo y una mayor 
luminosidad.  Paralelamente, los arilos también evolucionan a un color 
rojo mucho más perceptible como consecuencia de la acumulación de 
antocianos. Resulta esencial subrayar que ni la intensidad de color rojo ni 
el nivel de fenoles totales se relaciona con la capacidad antioxidante. Los 
frutos obtenidos con riego deficitario son de menor tamaño, aunque más 
maduros como demuestran algunos cambios físicos y químicos. Si 
durante el final del crecimiento del fruto acontecen niveles considerables 
de déficit hídrico, el tamaño del fruto resulta más afectado que sus 
características químicas, posiblemente porque bajo estas circunstancias 
la asimilación de carbono se destina en su totalidad a la síntesis de 
metabolitos primarios en detrimento de la síntesis de metabolitos 
secundarios no nitrogenados. 
      El zumo de granada procedente de árboles regados deficitariamente 
durante toda la estación son de menor calidad que el procedente de 
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árboles bien regados, debido a un color menos rojizo y menor contenido 
en sustancias bioactivas, fundamentalmente antocianos y punicalaginas. 
Además, el riego deficitario sostenido durante toda la estación permite un 
adelanto de la maduración de unos 7-8 días. Las granadas tardías son 
muy ricas en sustancias bioactivas, pudiendo ser de alto valor para la 
industria, ya que su uso permitiría la mejora de la calidad del zumo.   
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Spanish Mediterranean agrosystems are characterized by the 
aridity of the climate and the persistent shortage and low quality of the 
available water resources. Moreover, recent years have seen growing 
competition for the water that is available due to the expansion of 
industrial activity, the spread of new urban, tourist and recreational areas 
and the indispensable environment preservation measures. Collins et al. 
(2009) indicated that during the last thirty years drought periods have hit 
17% of European territory, affecting 11% of the population, and have 
caused losses of € 100 billion.  
Consequently, the fact that Mediterranean agrosystems must face 
up to the need to cope with water scarcity cannot be questioned because 
any policy of continuous expansion of the supply is unsustainable (Pereira 
et al., 2002). In this sense, fruit culture in arid and semiarid areas must be 
directed towards the use of less water-demanding and more stress-
resistant plant materials which, together with deficit irrigation, will allow 
significant water savings and the profitable production of fruits. 
Pomegranate (Punica granatum L.) despite being grown 
commercially in many regions of the world, including countries of the 
Mediterranean Basin (Stover and Mercure, 2007; Holland, et al., 2009) 
and being one of the oldest known edible fruits (Blumenfeld et al., 2000), it 
has frequently been considered a minor crop. Nonetheless, this is 
beginning to change and there is a growing interest in the consumption of 
pomegranate for their organoleptic characteristics and their perceived 
health benefits (Sumner et al., 2005; Lansky and Newman, 2007).  
This crop is considered to be drought-resistant because it supports 
heat and can thrives well in arid and semiarid areas, even under desert 
conditions (Aseri et al., 2008). Nevertheless, no information exists neither 
on the mechanisms developed by pomegranate trees to confront drought 
at leaf level nor at fruit level. These aspects are of paramount importance 
because of to reach optimal growth, yield and fruit quality for commercial 
production the crop requires optimum plant water status (Prasad et al., 
2003; Shaliendra and Narendra, 2005; Sulochanamma et al., 2005; Levin, 
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2006). Moreover, one of the foremost physiological disorders is the 
cracking of ripe fruit (Blumenfeld et al., 2000; Holland et al., 2009), which 
has a severe economic impact on pomegranate fruit value, seems to be 
related to fruit water status (Prasad et al., 2003). 
Studies on the pomegranate response to irrigation, crop water 
requirements and irrigation scheduling are very scarce in plants under field 
conditions. In this sense, Intrigliolo et al. (2011a,b, 2013) suggested 
preliminary irrigation recommendations for pomegranate trees and 
Bhantana and Lazarovitch (2010) measured the evapotranspiration (ET), 
crop coefficients (Kc) and growth in two young pomegranate tree cultivars 
grown in lysimeters to varying electrical conductivity of the irrigation water. 
Their results indicated that salinity had a significant effect on both daily ET 
and total ET and that the calculated value of Kc is applicable for irrigation 
scheduling in young pomegranate orchards using irrigation water with 
various salinities. 
Because plants are in the middle of the soil-plant-atmosphere 
continuum, the use of plant-based water status indicators has become 
very popular for planning precise irrigation. Since plant water status 
controls many physiological processes and crop productivity, this 
information can be highly useful in irrigation scheduling (Fernández and 
Cuevas, 2010; Ortuño et al., 2010). Measurements of trunk diameter 
fluctuations using LVDT (linear variable differential transducer) sensors 
provide continuous and automated recording of maximum daily trunk 
shrinkage (MDS), which has been shown to be suitable for the 
development of automated irrigation scheduling in fruit trees (Conejero et 
al., 2007; Ortuño et al., 2009a,b; Moriana et al., 2010). Absolute water 
stress indicator values recorded without considering the evaporative 
demand might be meaningless. For this reason, it is better to use the 
concept of signal intensity (SI) for irrigation scheduling, normalizing an 
indicator’s absolute values with respect to values under non limiting soil 
water conditions (Naor and Cohen, 2003; Goldhamer and Fereres, 2001; 
Ortuño et al., 2005, 2006). Under operational irrigation scheduling, plant 
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water status indicators for non-limiting conditions, needed for SI 
calculation, could be derived from previously established relationships with 
meteorological variables. 
Intrigliolo et al. (2011b) suggested (i) differences in pomegranate 
water status could be detected earlier for midday stem water potential 
(stem) than for MDS, (ii) a significant, but relatively low, correlation 
between MDS and crop reference evapotranspiration (ETo), whereas the 
relationships between MDS and air temperature and air vapour pressure 
deficit were even weaker, and (iii) the best fit between MDS and stem was 
obtained with a linear regression, which changed with fruit growth pattern 
or fruit removal. This behavior was different from that of other fruit trees. 
For example, (i) MDS has been frequently found more sensitive than the 
other indicators in detecting plant water stress (Ortuño et al., 2010), (ii) 
some authors have shown that it is possible to predict adequately MDS 
reference values in crop trees with daily meteorological variables (Moreno 
et al., 2006; Ortuño et al., 2009a; Conejero et al., 2011), and (iii) Ortuño et 
al. (2010) indicated that in several fruit tree species under drought stress 
the decrease in stem is associated with an increase in MDS, but this 
pattern changes at values below a stem threshold and any further 
reduction in stem is associated with a decrease in MDS values. 
Fruit trees are highly sensitive to drought stress at particular 
phenological stages, such as fruit growth (Berman and DeJong, 1997; 
Xiloyannis et al., 2005), which in pomegranate trees occurs mainly during 
July and August (Melgarejo et al., 1997; Intrigliolo et al., 2011a,b). In citrus 
plants, Domingo et al. (1996) showed that deficit irrigation during linear 
fruit growth induces a reduction in yield due to smaller fruit size at harvest. 
In contrast, although water deficit during the final stage of rapid fruit 
growth in stone fruit trees produces a decrease in final fruit size, beneficial 
aspects include increased total fruit soluble solids levels and earlier fruit 
ripening (Crisosto et al., 1994; Torrecillas et al., 2000; Besset et al., 2001). 
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According to Borochov-Neori et al. (2009), pomegranate consumer 
satisfaction and producer profitability require that the fruit excel in two 
aspects-health-related quality (antioxidative capacity) and fruit 
attractiveness (mainly colour and the taste of the arils and their juice). In 
this sense, the level of chemical and antioxidant compounds in 
pomegranate juice has been studied during fruit development and 
maturation (Gil et al., 1996; Kulkarni and Aradhya, 2005), in different 
environmental and cultivation conditions (Gil et al., 1995; Holland et al., 
2009), and between cultivars (Melgarejo et al., 2000; Tzulker et al., 2007; 
Ozgen et al., 2008; Borochov-Neori et al., 2009). However, and in spite of 
the paramount importance of increasing water shortage in the most 
suitable regions for pomegranate growth hardly any reports exist on the 
effect of irrigation management on pomegranate fruit yield and quality. An 
exception is the work of Sonawane and Desai (1989), who indicated that 
by applying different irrigation regimes it is possible to control the desired 
time of fruit yield in pomegranates, while other authors have showed that 
irrigation has a positive effect on vegetative growth, yield and fruit weight 
(Prasad et al., 2003; Shaliendra and Narendra, 2005; Sulochanamma et 
al., 2005). 
For these reasons, the overall objective of the present study aimed 
deep in the knowledge of the pomegranate (Punica granatum) 
response to different irrigation conditions. For this goal, the following 
partial objectives were addressed: 
 To investigate plant water relations in adult pomegranate 
trees under field conditions, in order to establish the stress 
avoidance and stress tolerance mechanisms developed in 
response to water stress and recovery. 
  To increase the knowledge of the relationship between leaf 
and fruit water relations under different water deficit levels 
during the end of fruit growth and ripening phases in order to 
stablish the causes and mechanisms of fruit peel cracking.  
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 To stablish, the sensitivity of MDS in comparison with other 
discretely measured indicators of plant water status in 
response to water deficit and recovery. 
 To study the feasibility of obtaining reference equations for 
tree water status indicators in trees under non-limiting water 
conditions and their intra and inter-seasonal constancy was 
also investigated. 
  To examine effect of different deficit irrigation conditions on 
the physical and chemical characteristics of pomegranate 
fruits. 
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5.1. Origin, taxonomy and morphology 
 Pomegranate (Punica granatum L.) (Figure 5.1) belongs to the 
family Punicaceae, which only has the Punica genus,  and is one of the 
earliest domesticated plant species (Neolitic era) and its fruit is one of the 
oldest known edible fruits (Font Quer, 1959; Levin, 2006; Still, 2006; 
Melgarejo, 2010). The fruit was mentioned in the Bible as one of the seven 
kinds which Israel was blessed with (Blumenfeld et al., 2000). The generic 
name Punica refers to Pheonicia (Carthage), probably because the 
Phoenicians or the Carthaginians brought this crop to southern Europe, 
and granatum, full of grains, in allusion to the multiple seeds that the fruit 
contains. Moreover, pomegranate follows the Latin name of the fruit 
Malum granatum, which means granny apple (Holland et al. 2009). 
 
 
 
Figure 5.1. Pomegranate (Punica granatum L. cv Mollar de Elche) 
tree 
 
 
 P. granatum is believed to be a native to the southern Caspian belt 
(Iran) and northern Turkey (Janick, 2007). According to Melgarejo (2010) 
some authors also included P. nana, a species with non-edible fruits, in 
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the genus Punica. In contrast, others (Zukvskij, 1950; Guarino et al., 1990) 
indicate that P. protopunica, an endemic of the Socotra Island (Yemen), is 
the ancestral of the genus (Shilkina, 1973) and the only congeneric 
relative of P. granatum species at present cultivated (Levin, 2006). 
Pomegranates were subsequent introduced throughout the rest of Asia to 
the Mediterranean to North Africa and to Europe. Spanish sailors brought 
them to the New World and the Spanish Jesuit missionaries introduced 
them into Mexico and California (Goor and Liberman, 1956; Morton, 
1987). At present, pomegranate is cultivated throughout the world in 
tropical and subtropical areas in many different microclimatic zones, the 
optimal growth conditions being Mediterranean-like climates (Holland et 
al., 2009). 
 Domesticated pomegranate is a small tree that grows up to 5 m, 
tending to develop multiple trunks and have a bushy appearance. To 
establish new trees the use of rootstocks with pomegranate is not a 
common practice. In order to ensure adequate uniformity and successful 
establishment of the trees, planting potted nursery trees is the preferred 
practice. Pomegranate is a deciduous tree, but there are several 
evergreen cultivars in India (Sharma and Dhilom, 2002; Singh et al., 
2006). The tree is much-branched, more or less spiny and the bark colour 
depends on the cultivar, darkening and tending to split as the tree 
matures. The leaves have an oblanceolate shape with an obtuse apex an 
acuminate base, which are green when they mature and tend to have a 
reddish colour when young. Leaves are also characterized by short 
petioles and for being smooth and hairless (Holland et al., 2009). 
 Flowering occurs mainly in April-May and may continue until the 
end of summer (Figure 5.2). Flowers can appear solitary, in pairs, or in 
clusters. Melgarejo et al. (1997) describing the phenological stages of the 
Mollar de Elche pomegranate tree, indicated that flower buds appear 
among the leaves on shoots, being greenish at first, but becoming red 
after a few days. The sepals are visible and close together. When buds 
increase in size, becoming pear-shaped, the differences between male 
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and hermaphrodite flowers becomes apparent both in the shape and 
colour of the calyx. Later, the sepals open to show the folded red petals 
inside, and toward the end of this stage, petals unfold and the pistil 
anthers become visible. Pomegranate flowers develop into one or two 
types of flowers: hermaphrodite flowers (vase shaped) and male flowers 
(bell shaped), the male flowers being infertile due to a poorly developed or 
no pistil and atrophied ovaries containing few ovules. When the calyx 
opens totally the petals are purple and seem to be inserted between every 
two sepals, giving the impression of alternating petals and sepals. The 
anthers of the stamen change to deep yellow when pollen is ripe.  
 
 
  
Figure 5.2. Pomegranate flower buds (left) and open flower (right). 
 
 
 When fertilization takes place the ovary grows rapidly and the 
colour turns from greenish brown to green. Pomegranate fruits are 
complex in structure, showing a persistent calyx at the top of fruit, which is 
maintained until maturity and acts as a distinctive feature of these fruits. 
The fruit is technically a leathery-skinned and fleshy berry. The multi-ovule 
chambers (locules) are separated by membranous walls (septum) and 
fleshy mesocarp (Holland et al., 2009). The locules are filled with many 
seeds (arils) which comprise the edible portion of the fruit. The arils 
contain a juicy edible layer that develops entirely from the outer epidermal 
cells of the seed, which elongate to a very large extent in a radial direction 
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(Fahan, 1976). The sap of these cells develops a turgor pressure that 
preserves the characteristic external shape of the same (Holland et al., 
2009). The husk is composed of two parts: the pericarp, which provides a 
cuticle layer and fibrous mat; and the mesocarp (also known as the 
albedo), which is the spongy tissue and inner fruit wall to which the arils 
are attached (Stover and Mercure, 2007).  
During fruit ripening fleshy seeds change from white to pinkish-red 
or red and the peel of the fruit changes from green to greenish yellow, and 
finally to brownish-yellow with reddish patches. The colour of the edible 
juice can vary from white to deep red, depending on the variety. There is 
no correlation between the outer skin colour of the rind and the colour of 
the arils. Fruits ripen 5 to 8 months after fruit set and the peel colour does 
not indicate the ripening degree of the fruit because it attains its final 
colour long before the arils are fully ripened (Holland et al., 2009).  
 
 
  
  
Figure 5.3. Pomegranate fruits (cv Mollar) (A and B), locules separated by 
septum (C) and arils (D) 
 
B A 
C D 
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5.2. Spanish cultivars 
 Pomegranate cultivars have been reported in many places all over 
the world. It is probable that some of these cultivars acquired different 
names in different countries but are the same basic genotype, due to the 
spread of pomegranate throughout different regions and continents. 
Frequently, cultivar selections reflect different fruit characteristics that may 
be favoured by different cultures. For example, in India most people dislike 
acidic fruit, while people from western European countries prefer sweet-
sour cultivars, such as Wonderful. In general, fruits from sour and sour-
sweet cultivars have a higher citric acid content than malic acid content, 
while fruits from sweet cultivar have similar contents (Mena et al., 2011; 
Carbonell-Barrachina et al., 2012). 
 In Spain, two groups of cultivars (Mollar and Valenciana) have been 
cultivated traditionally (Figures 5.1, 5.2 and 5.4), even though there are 
other interesting cultivars, such as Albar de Blanca, Agridulce de Ojós, 
Borde de Albatera, Borde de Ojós, Casta del reino, Piñón tierno de Ojós, 
etc. (Melgarejo et al., 2010; Martínez et al., 2012).  
 
 
  
Figure 5.4. Pomegranate fruits (cv Valenciana)  
 
 
The Mollar group, the most important and most widely cultivated, is 
marketed in Spain and in other European Union countries, and its fruits 
are harvested from end-September to mid-November (Figure 5.1). 
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Valenciana fruits mature earlier (from early-August to mid-September) but 
are characterized for having lower quality and size than those of the Mollar 
group (Figures 5.3 and 5.4). Piñón tierno de Ojós is an interesting cultivar 
for its large fruits of a sour-sweet taste. However, Borde of Albatera, with 
its sour taste, has a woody portion of ≈ 13 % (Hernández, et al., 1999). In 
addition to the Spanish cultivars there is increasing interest on the past of 
Spanish growers in foreign cultivars such as Wonderful, which, in spite of 
having a yield that is usually from medium to low, is one of the most widely 
cultivated cultivars in the world. It has an attractive intense red color and a 
sour or sour-sweet taste, depending on the harvest time (Melgarejo et al., 
2010).   
 
 
5.3. Pruning and thinning 
 In some places growers prefer the multiple trunk method as way of 
growing pomegranates. In contrast, and in order to facilitate certain 
cultivation practices (pruning, thinning, spaying, fruit harvesting, etc.), 
there is a growing trend to prefer only one trunk. The single trunk (30-50 
cm) is split into 3-4 main branches, and the tree is trained frequently to a 
vase shape to a height below 4 m in order to reduce the expense of 
manual treatments and increase the effectiveness of spraying. 
Nevertheless, some growers do not like this vase shape because the tree 
may be overexposed to sunlight increasing the incidence of fruit sunburn. 
 In general pomegranates are pruned in the winter and some care is 
also taken in the summer. In the winter the height of the trees is brought 
back to the desired height, while broken, bent and interfering branches are 
removed. In order to keep the interior of the tree open during growing 
season, summer pruning is carried out according to needs (Blumenfeld et 
al., 2000). New branches on trunks are removed by hand while suckers 
are sprayed by chemicals. 
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An important problem in pomegranate production in the first years 
of production is the tendency of young branches to bend, which facilitates 
fruit contact with ground and disrupts the tree structure. This problem can 
be avoided by supporting the branches.     
Thinning is an expensive cultural practice, which consists of 
reducing fruit load at an immature stage and thus allowing the remaining 
fruits to develop to the required market size. This practice is conducted in 
early June and can be repeated at the end of June, preventing fruit from 
touching, because the point of contact favours conditions for the 
development of pests. The correct distribution of fruits on the branches is 
considered to be 20-25 cm distance between fruits. Melgarejo et al. (2010) 
suggested that fruit thinning for attaining a desirable fruit size eliminates 
approximately 10 % of the total pomegranate production. 
 
 
5.4. Pomegranate irrigation 
Pomegranate is considered to be a drought-resistant crop because 
it supports heat and can thrives well in arid and semiarid areas, even 
under desert conditions (Aseri et al., 2008). For this, and from a 
commercial point of view, pomegranate is a very interesting fruit plant 
species due to its adaptation to a wide range of climates and soil 
conditions, and commercial orchards of pomegranate trees are now grown 
in many regions of the world, including the Mediterranean Basin (Stover 
and Mercure, 2007; Holland et al., 2009).  
 In arid and semiarid conditions, to reach optimal growth, yield and 
fruit quality for commercial production the crop requires regular irrigation 
throughout the dry season (Prasad et al., 2003; Shaliendra and Narendra, 
2005; Sulochanamma et al., 2005; Levin, 2006; Holland et al., 2009). 
However, few studies have been conducted into the effect of irrigation 
levels and irrigation management in adult pomegranate plants under field 
conditions. Intrigliolo et al. (2011 and 2013) suggested preliminary 
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irrigation recommendations for pomegranate trees considering regulated 
deficit irrigation with water restrictions during flowering and fruit set as the 
most convenient strategy to cope with water scarcity or high water prices. 
Blumenfeld et al. (2000) suggested a total water amount of around 600 
mm per season in Israel, in addition to the expected 450 mm of rainfall. 
Also, as a general guide for pomegranate irrigation, these authors 
proposed starting with 1.5 mm day-1 in the spring, rising to 5 mm day-1 in 
the summer days close to harvesting and very little postharvest irrigation. 
Holland et al. (2009) indicated that the total amount of water for 
pomegranate irrigation for the entire season should be 500 to 600 mm, 
depending on the type of soil and the weather conditions and that irrigation 
has to be applied daily during the irrigation period. Melgarejo et al. (2010) 
suggested that the seasonal irrigation requirements for pomegranate are 
527 mm.  
 Bhantana and Lazarovitch (2010) measured the evapotranspiration 
(ET), crop coefficients (Kc) and growth in two young pomegranate tree 
cultivars grown in lysimeters with irrigation water of varying electrical 
conductivity. Their results indicated that salinity had a significant effect on 
both daily ET and total ET and that the calculated value of Kc is applicable 
for irrigation scheduling in young pomegranate orchards using irrigation 
water with various salinities. Moreover, Ashraf and Majeed (2006) 
proposed pomegranate Kc values and water requirements for different 
agro-climatic zones in Balochistan.  
Information on pomegranate fertigation is very scarce. Blumenfeld 
et al. (2000) indicated that no fertigation experiments had been made in 
Israel and that the amounts of fertilizers used were based on general 
knowledge for other plants, suggesting around 200-300 kg N ha-1 with 
about the same amount of K2O. In Spain, growers apply around 150 kg N 
ha-1, 70 kg P2O5 ha-1 and 150 kg K2O ha-1. 
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5.5. Pomegranate fruit composition 
 Despite the fact that pomegranate has frequently been considered 
a minor crop and is deemed either a small tree or a large shrub, its fruits 
are large berries with an edible part that has been extensively used in 
medicine by many traditional cultures due to its health-promoting benefits 
in the treatment or reduction in the risk of chronic disorders such as 
cancer, atherosclerosis, diabetes, blood pressure and other diseases 
(Langley, 2000; Michel et al., 2005; Katz et al., 2007; Lansky and 
Newman, 2007; Holland et al., 2009). Pomegranate’s anti-inflammatory 
action, due to the high content of tannins, is important in inflammatory 
processes during the creation of the atheroma plaque, and could therefore 
mediate or prevent pathological processes in the cardiovascular system 
such as heart attacks (Andreu-Sevilla et al., 2008). Pomegranate juice 
seems to prevent the oxidation of LDL (Low Density Lipoprotein) in 
bloodstream vessels; this fact is important in creating the atheroma and 
the subsequent action of related inflammatory effects. Also, pomegranate 
rind extract has antibacterial, anti-inflammatory and anti-allergic activities 
and could be considered a nutraceutical product (Panichayupakaranant et 
al., 2010). 
 According to Borochov-Neori et al. (2009), consumer satisfaction 
and producer profitability require that the pomegranate fruit excel in two 
aspects: health-related quality (antioxidative capacity) and fruit 
attractiveness (mainly colour and the taste of the arils and their juice). 
Although there is no correlation between the peel colour and aril colour, 
the colour of pomegranates affects market acceptance and, as is usual in 
stone fruits, consumers prefer pomegranate fruits with a red color peel 
(Opara et al., 2009). In this sense, recent studies showed that the external 
color of pomegranate is correlated with the number of days from the 
beginning of its development (Manera et al., 2013). During ripening the 
values of L*, b* and Hº values decrease while the values of a* and C* 
values increased (Manera et al., 2012). 
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 The increase in the a* values of the arils during ripening is directly 
related with the increased biosynthesis and accumulation of anthocyanin 
pigments, which are responsible for the intense pink-red color of ripe 
pomegranate fruits. The most abundant anthocyanin in sour cultivars are 
cyanidin 3,5-diglucoside, followed by cyanidin 3-glucoside and delphinidin 
3,5-diglucoside, whereas in sweet cultivars the most abundant is cyanidin 
3-glucoside, while delphinidin 3,5-diglucoside and pelargonidin 3-
glucoside are found in lower concentrations (Hernández et al., 1999; 
Kulkarni and Arandhya, 2005). 
 Arils and seeds are the edible part of pomegranate fruit, 
representing 55 % of the whole fruit, and their composition changes as 
fruit ripens on the tree. This change is mainly characterized by an increase 
in the sugar content and a decrease in total acidity (TA) in arils (Kulkani 
and Aradhya, 2005). Hence, the ratio TSS/TA, referred to as maturity 
index (MI), is commonly used to define the taste of pomegranate fruit 
during development (Hernandez et al., 1999). MI values for pomegranate 
fruits range from 5 to 7 for sour cultivars, from 17 to 24 for sour-sweet 
cultivars and from 31 to 98 for sweet cultivars (Martínez et al., 2006). 
Fructose and glucose are the major sugars (Melgarejo et al., 2000; Ozgen 
et al., 2008). Sucrose is not present in all cultivars and its content may 
only reach trace level, especially in sour-sweet fruits (Melgarejo et al., 
2000). Citric, malic and oxalic acids are considered as the major organic 
acids in pomegranates, while tartaric, succinic and quinic acids are found 
in minor quantities. The acid composition in the arils changes as a function 
of the cultivar and they are a key part of the sour-sweet balance of 
pomegranate fruits (Legua et al., 2000). The bioelement levels in 
pomegranate arils follow the order K > Ca > Mg > Na > Fe > Zn > Cu > 
Mn, making K and Fe the predominant macro and microelements, 
respectively (Mirdehghan and Rahemi, 2007; Fawole and Opara, 2013). 
Although the exact values of the antioxidant capacity depends on 
many factors, including cultivar, fruit maturity index, environmental 
conditions, plant water status, etc. pomegranates have a very high content 
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of phenolic compound, which are the bioactive compounds with the 
highest antioxidant activity. For this, the number of studies on the 
beneficial properties of pomegranate is steadily increasing. The main 
compounds responsible for the antioxidant capacity of pomegranate fruit 
are punicalagins, anthocyanins and ellagic acid. However, punicalagins 
played a more important role in the antioxidant capacity than anthocyanins 
(Gil et al., 2000; Tzulker et al., 2007). This antioxidant activity decreases 
to minimum values during fruit development and increases after that to 
reach the highest levels when fruit is commercially mature (Kulkarni and 
Aradhya, 2005). Seeram et al. (2008) concluded that the antioxidant 
capacity in beverages rich in polyphenols followed the order: pomegranate 
juice > red wine > grape juice > blueberry juice > blackberry juice = 
cranberry juice > orange juice = iced tea beverages = apple juice. 
 
 
5.6. Fruit physiological disorders 
 One of the foremost physiological disorders, and which has a 
severe economic impact on pomegranate fruit value, is the cracking of ripe 
fruit (Blumenfeld et al., 2000; Holland et al., 2009). Such defects seem to 
be directly related to fruit water status, because regular irrigation can 
decrease the damage (Prasad et al., 2003) and cracking is a problem in 
areas where fruit maturation overlaps the rainy season (Figure 5.5). 
Moreover, the conviction exists among growers that rain falling on mature 
pomegranate fruits following the end of the dry season can induce rapid 
fruit cracking (Holland et al., 2009), although no scientific evidence has 
been proposed for the mechanisms developed. Nevertheless, regardless 
of environmental conditions, some aspects of pomegranate fruit splitting 
could be genetically controlled (Hepaksoy et al., 2000) and, pomegranate 
fruit cracking can be considered as the last stage of normal fruit 
developmental process for spreading its seeds.   
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Figure 5.5. Pomegranate peel cracking  
 
 
Another physiopathy is sunburn of fruit rind, which reduces its value 
and happens only at a certain physiological stage of fruit development 
(Figure 5.6). The cause of this physiological disorder is the combined 
action of high solar radiation, low humidity and high temperatures (Holland 
et al., 2009). For this reason, cultivars which have a willowy canopy are 
not affected by this disorder and, early cultivars which are less exposed to 
solar radiation are less susceptible than late cultivars to sunburn. Shading 
can reduce sunburn incidence while the application of kaolin not only 
reduces sunburn incidence (Melgarejo et al., 2004) but also increases 
pomegranate fruit colour (Yazici and Kaynak, 2006).  
 
 
 
Figure 5.6. Sunburn on pomegranate fruit rind  
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Methodology 
See page 53. 
 
Results 
The results indicated that pomegranate plants confront water stress by 
developing stress avoidance and stress tolerance mechanisms. From the time 
of deficit irrigation (T1) and water withholding (T2) began to be applied, leaf 
conductance decreased in order to control water loss via transpiration and to 
avoid leaf turgor loss (stress avoidance mechanism). Close to the end of the 
stress period, when maximum stress levels had developed, active osmotic 
adjustment was triggered, contributing to the maintenance of leaf turgor (stress 
tolerance mechanism). Other drought tolerance characteristics commonly seen 
in xeromorphic plants were also observed, such as high relative apoplastic 
water content (42–58%), which would contribute to the retention of water at low 
leaf water potentials. 
 
Conclusions 
Pomegranate plants confront water stress by developing stress avoidance and 
stress tolerance mechanisms. These mechanisms were seen to be 
complementary and take place gradually. From the beginning of deficit irrigation 
(T1) and water withholding (T2) leaf conductance decreased in order to control 
water loss via transpiration and avoid leaf turgor loss (stress avoidance 
mechanism). When, close to the end of the stress period, maximum stress 
levels were developed, active osmotic adjustment was triggered, which could 
have contributed to the maintenance of leaf turgor (stress tolerance 
mechanism). Furthermore, other drought tolerance characteristics were 
observed in pomegranate including high relative apoplastic water content. 
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Methodology 
See page 60. 
 
Results 
The results indicated that during the end of fruit growth and ripening phases 
pomegranate fruit was clearly sensitive to water deficit. During these 
phenological periods water could enter the fruits via the phloem rather than via 
the xylem. Despite this, some treatment plants reached much more severe 
water stress levels than those reported in the literature, although leaf turgor was 
maintained. However, in all treatments fruit turgor was lost as a consequence of 
water stress, which induced a reduced expansion of fruits. When rainfall 
affected previously water stressed pomegranate plants an asymmetric increase 
in fruit turgor pressure took place, because aril turgor increased to a much 
greater extent than peel turgor, the pressure of the arils on the peel favouring 
cracking. 
 
Conclusions 
The observations suggest that pomegranate fruit during the end of fruit growth 
and ripening period was sensitive to water deficit. During these phenological 
periods water could enter the fruits via the phloem rather than via the xylem. 
Although leaf turgor was maintained during the very severe water stress, fruit 
turgor was lost, inducing the reduced expansion of fruits. When rainfall affected 
previously water stressed pomegranate plants an asymmetric increase in fruit 
turgor pressure took place, because aril turgor increased to a much greater 
extent than peel turgor. This increase in aril pressure would put pressure on the 
peel and make it susceptible to cracking. 
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6.3. Plant water status indicators 
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Methods 
See pages 68 and 69. 
 
Results 
Maximum daily trunk shrinkage (MDS) was identified to be the most suitable 
plant-based indicator for irrigation scheduling in adult pomegranate trees, 
because its signal:noise ((T1/T0):coefficient of variation) ratio was higher than 
that for stem ((T1/T0):coefficient of variation) and gl ((T0/T1):coefficient of 
variation). MDS increased in response to water stress, but when the stem fell 
below −1.67 MPa, the MDS values decreased. For non-limiting water 
conditions, MDS could be predicted from mean daily air temperature (Tm) 
through exponential equations fitted to pooled data across several seasons. 
First-order equations were also obtained by pooling data across several 
seasons to predict MDS from crop reference evapotranspiration (ETo), mean 
daily air vapour pressure deficit (VPDm), Tm and solar radiation (Rs), but these 
should be used only within a certain range of values (ETo, 2.1–7.4 mm; VPDm, 
0.64–2.96 kPa; Tm, 12.1–28.3 ºC; Rs, 119.4–331.3 Wm
−2). Hence, automated 
MDS measurements have the potential to be used in irrigation scheduling of 
pomegranate, and these values can be normalized to non-limiting water 
conditions by locally derived empirical relationships with meteorological 
variables. 
 
Conclusions 
MDS is a reliable plant-based water stress indicator in adult pomegranate trees. 
In addition, the fact that LVDT sensors used in the experiment did not have to 
be repositioned, together with other operational advantages over discretely 
measured indicators, such as the low labour costs involved and the possibility of 
connection to remotely operated irrigation controllers, confirm that MDS is a 
suitable plant-based indicator for precise irrigation scheduling practices. 
Moreover, MDS exponential reference equations can be obtained by pooling 
data across several seasons for Tm. MDS first-order reference equations can 
be also obtained by pooling data across several seasons for ETo, VPDm, Tm 
and Rs. So, automated MDS measurements can be normalized to non-limiting 
water conditions by locally derived empirical relationships with meteorological 
variables. 
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6.4. Fruit quality under water deficit 
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Methods 
See pages 77 and 78. 
 
Results 
The decrease in plants under moderate water stress (T1) total marketable yield was due to 
the lower yield, fruit size and average fruit weight at the second harvest, since, at the first 
harvest, when only fruits of marketable size and colour were harvested, control plants (T0) 
and T1 plants presented similar yield and fruit characteristics.  The decrease in plants 
under severe water stress (T2) total yield was due to the presence of fruits showing the 
lowest size and average weight at both harvests. Peel L* values increased from the first to 
the second harvest, while Hº decreased. No significant effect of the irrigation treatment on 
pomegranate peel or aril colour at the second harvest was observed. In contrast, at the first 
harvest peel from T1 fruits showed higher a* values and similar C* values to those in T0 but 
higher than those in T2, while Hº values were lower than those in T0 and similar to those in 
T2. Also, arils from T1 fruits showed the highest a* and the lowest Hº values, while C* 
values were similar to those in T0 but higher than those in T2. Arils from T1 fruits showed a 
significant increase compared with those from T0 fruits in fruit maturity index at the first 
harvest. However, the arils from T2 fruits at both harvests presented similar values to the 
arils from T0 fruits for all the above fruit constituents and the maturity index. Irrigation 
treatment and harvest time did not affect the TEAC, sacarose, glucose, fructose, CA or MA 
contents in pomegranate arils. Arils from T1 and T2 fruits showed the highest TAC at the 
second harvest, while at the first harvest, the levels of this fruit constituent in T1 arils was 
higher than in T2 arils and similar to those observed for T0 arils.  
 
Conclusions 
Considerable differences were observed in the response of pomegranate fruits to both 
deficit irrigation treatments. In this sense, fruits from moderate water deficit plants showed 
a decrease in fruit growth, leading to a lower final fruit size and lower total yield, and some 
changes in colour and chemical characteristics, which reflected earlier ripening. In contrast, 
a more pronounced water stress during the second half of the fruit growth phase was more 
critical for fruit size than for the chemical characteristics of the fruit, probably because 
under this situation carbon assimilation should be allocated to the synthesis of primary 
metabolites, which did not exceeded the amount used for fruit growth to the detriment of 
the synthesis of carbon-based secondary metabolites. During ripening the peel of 
pomegranate fruits changes to show higher luminosity and greater red saturation. Also, the 
colour of the arils changes to a more perceptible red colour as a consequence of the 
increasing total anthocyanin content. However, neither the intense red colour of the arils 
nor their total phenolic compounds content was correlated with the juice antioxidant 
capacity.  
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6.5. Fruit phytochemical characteristics under deficit irrigation 
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Methods 
See pages  85 and 86. 
 
Results 
No information exists on the consequences of water stress on the pomegranate 
(Punica granatum L.) tree in terms of the quality and health/nutritional properties 
of its juice. In this study the influence of two different sustained deficit irrigation 
treatments on the colour, antioxidant activity and total phenolic compound, total 
anthocyanin, punicalagin and ellagic acid contents of pomegranate juice was 
assessed. Control plants were irrigated at 75% ETo (crop reference 
vapotranspiration) in order to ensure non-limiting soil water conditions, while 
others were subjected to sustained deficit irrigation at 43 and 12% ETo 
throughout the experimental period. Both moderate (43%) and severe 
(12%)water stress treatments led to pomegranate juiceswith a more yellowish 
colour, lower antioxidant activity and lower total phenolic compound, 
punicalagin and total anthocyanin contents than those from control plants. 
 
Conclusions 
Pomegranate juice from trees under sustained deficit irrigation was of lower 
quality and less healthful than that from trees without water stress. From a 
nutritional point of view, this means that a reduction in irrigation provides a 
dramatic decrease in bioactive phenolic compounds, especially anthocyanins 
and punicalagin, and consequently a lower visual attraction of the juice owing to 
the weak red colour of the fruit.  
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6.6. Fruit characteristics affected by ripening and deficit irrigation 
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Methods 
See pages 92 and 93. 
 
Results 
Pomegranate (PG) is a drought resistant crop, thriving well with scarce water 
resources. The non-climateric character of PG remarks the importance of 
determining the optimum harvest time to improve quality and phytochemical 
properties of PG. The influence of two different irrigation treatments on physico-
chemical and phytochemical parameters of PG was assessed. Control trees 
(T0) were over irrigated (105% ETo). From the beginning of the second half of 
rapid fruit growth period to the last harvest, T1 plants were subjected to 
sustained deficit irrigation (33% ETo). Results indicated that T1 fruits exhibited 
a darker and more intense garnet colour than T0 fruits, but deficit irrigation led 
to a significant decrease in total fruit yield and number of total fruits per tree. T1 
fruits showed similar bioactive quality than T0 fruits; however, T1 fruits 
advanced the optimal harvest time by about 7–8 days with respect to T0 fruits. 
 
Conclusions 
Late-pomegranate fruits were rich in phytochemicals and could be of great 
interest to the juice industry. Knowledge of these trends is important, especially 
to improve PG juice quality and to contribute to the sustainability of PG culture 
with respect to water, fertiliser and energy saving. 
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1. Pomegranate plants confront water stress by developing stress 
avoidance and stress tolerance mechanisms. These mechanisms 
were complementary and took place gradually.  
2. Stress avoidance mechanisms were mainly based in a leaf 
conductance decrease in order to control water loss via transpiration 
and avoid leaf turgor loss. 
3. When maximum water deficit levels were developed, stress 
tolerance mechanisms were developed as active osmotic 
adjustment, which could have contributed to the maintenance of leaf 
turgor. Furthermore, other drought tolerance characteristics were 
observed in pomegranate including high relative apoplastic water 
content. 
4. During the end of fruit growth and ripening period, water could enter 
the pomegranate fruits via the phloem rather than via the xylem and 
fruits were sensitive to water deficit. In this sense, during very 
severe water stress leaves were able to maintain leaf turgor but fruit 
turgor was lost, inducing the reduced expansion of fruits. 
5. When rainfall affected previously water stressed pomegranate 
plants an asymmetric increase in fruit turgor pressure took place, 
because aril turgor increased to a much greater extent than peel 
turgor. This increase in aril pressure would put pressure on the peel 
and make it susceptible to cracking. 
6. Maximum daily trunk shrinkage (MDS) was a reliable plant-based 
water stress indicator in adult pomegranate trees. In addition, the 
fact that trunk diameter sensors used in the experiments did not 
have to be repositioned, together with other operational advantages 
over discretely measured indicators, such as the low labour costs 
involved and the possibility of connection to remotely operated 
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irrigation controllers, confirm that MDS is a suitable plant-based 
indicator for precise irrigation scheduling practices.  
7. MDS exponential reference equations can be obtained by pooling 
data across several seasons for mean daily air temperature. MDS 
first-order reference equations can be also obtained by pooling data 
across several seasons for crop reference evapotranspiration, mean 
daily air vapour pressure deficit, mean daily air temperature and 
solar radiation, but these reference equations should be used only 
within a certain range of values. So, automated MDS measurements 
can be normalized to non-limiting water conditions by locally derived 
empirical relationships with meteorological variables. 
8. Fruits from late flowerings, which traditionally are considered a 
waste material for being smaller than those for fresh consumption, 
are ideal for pomegranate juice industry due to their very high 
contents of bioactive compounds (phenolic compounds and 
anthocyanins).  
9.  During the ripening phase pomegranate fruits change in order to 
show a peel with higher luminosity and red saturation. Also, aril 
colour changes to exhibit a more perceptible red colour as a 
consequence of the increasing total anthocyanin content. However, 
neither the red colour intensity of the arils nor its total phenolic 
compounds content was correlated with the juice antioxidant 
capacity.  
10. Fruits from plants under sustained moderate water stress level 
showed a decrease in fruit growth, inducing a lower final fruit size 
and lower total yield, accompanied by changes in colour and fruit 
chemical characteristics, which reflected earlier ripening. In contrast, 
a more pronounced water stress level only during the second half of 
fruit growth phase was more critical for fruit size than for their 
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chemical characteristics, probably because under this situation 
carbon assimilation should be allocated to the synthesis of primary 
metabolites, which did not exceeded the amount used for fruit 
growth to the detriment of the synthesis of carbon-based secondary 
metabolites. 
11.  Pomegranate juice from trees under moderate or severe sustained 
deficit irrigation was of lower quality and less healthful than that from 
fruits without water stress, because of a reduction in irrigation 
provides a dramatic decrease in levels of phenolic compounds, 
especially anthocyanins and punicalagins, and hence a lower visual 
attraction of the resulting fruit juice owing to its weak red colour. 
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